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We propose a novel approach to facilitate a readout processes of isolated negatively charged
nitrogen-vacancy (NV) centers based on the concept of all-dielectric nanoantennas. We reveal that
all-dielectric nanoantenna can significantly enhance both the emission rate and emission extraction
efficiency of a photoluminescence signal from a single NV center in a diamond nanoparticle placed on
a dielectric substrate. We prove that the proposed approach provides high directivity, large Purcell
factor, and efficient beam steering, thus allowing an efficient far-field initialization and readout of
several NV centers separated by subwavelength distances.
INTRODUCTION
Quantum emitters play an important role in many
quantum-optics applications, ranging from near-field mi-
croscopy [1] and sensing at the nanoscale [2–4] to
single-photon emission devices [5–8], as well as from
quantum information processing [9–11] and magnetic-
resonance imaging with sub-nanometer resolution [12, 13]
to biomedical applications [14, 15]. As a matter of fact,
many realizations of quantum emitters have been demon-
strated by now, including fluorescent molecules [16, 17],
semiconductor quantum dots [6, 18, 19], and defect cen-
ters in solids [7]. One of the most promising realiza-
tions of quantum emitters is based on negatively charged
nitrogen-vacancy (NV) centers in diamond [20–22]. Im-
portantly, an electronic spin state of such a NV cen-
ter can be readout by optical pulses [23], and it is also
possible manipulating coherently spin states by apply-
ing microwave radiation [24]. Additionally, the NV cen-
ter demonstrates extremely long coherence time at room
temperature, even under ambient conditions [22, 25].
A typical scenario of an optical control of NV centers
includes optical initialization, microwave manipulation,
and optical readout of electron spin states. The initializa-
tion is carried out by a green-laser pulse at 532 nm, which
prepares the statems = 0, wherems is the quantum num-
ber of the spin sub-levels. The microwave manipulation
prepares an electronic spin state of a NV center in some
superposition of the states ms = 0 and ms = ±1. A
single-shot readout of the resulting electronic spin state
can be performed by two waves: by non-resonant green
excitation (e.g., at 531 nm) [26] or by resonant excitation
at the zero-phonon line (ZPL) at 637 nm [24, 27]. The
photoluminescence spectrum of NV centers has an addi-
tional phononic sideband in the wavelength range of 600
nm to 780 nm and only up to 4% of photoluminescence
goes into the ZPL emission at room temperature [28].
Moreover, the radiation of a NV center placed on a dielec-
tric substrate penetrates into the substrate. As a result,
only a small part of the total radiation is collected by
conventional confocal microscopy schemes [29], so that it
is highly desirable to increasing the emission extraction.
To enhance the emission rate, one can employ the Pur-
cell effect [30, 31], known as a modification of sponta-
neous decay rate γ of a quantum emitter (in our case, a
NV center) induced by the interaction with its environ-
ment [30, 32–34]. In the case of continuous pumping, the
Purcell effect leads to a change of the radiated power [35].
If the electromagnetic environment is lossless, the Pur-
cell factor describes a change in the total radiated power
Prad in the far-field zone:
F ≡
γ
γ0
=
Prad
P 0
rad
, (1)
where Prad =
∫
Ω
p(θ, ϕ)dΩ is the total power radiated to
far field, θ and ϕ are the angles of a spherical coordinate
system, dΩ is the elementary solid angle, and the index
0 marks the corresponding value in the free space. In the
case of lossy environment, a part of the Purcell factor
which is associated with the radiation Frad = ηF can be
defined. Here η is a radiation efficiency of an emitter (a
NV center in our case) [31, 35]:
η ≡
Prad
Prad + Ploss
=
Frad
F
, (2)
where Ploss is a the power of dissipative losses in an in-
homogeneous environment (cavity, nanoantenna). The
radiation enhancement at the ZPL frequency via the
Purcell effect has been experimentally demonstrated
for photonic-crystal cavities [36, 37], micro-ring res-
onators [38–40], and metal substrates [41].
The emission extraction efficiency can be improved us-
ing waveguiding or redirecting structures, like diamond
nanowire [42], metallic apertures on a diamond sur-
face [43] or plasmonic nanoantenna [44]. If NV center
is located inside a diamond plate, emitted radiation can
2couple to guided modes of the plate via the total internal
reflection [45].
A nanoantenna, for example plasmonic one, provides
both emission rate and emission extraction efficiency en-
hancement. Coupling of the emitter with a strongly lo-
calized near-field of the nanoantenna leads to increase
of the Purcell factor [30, 31]. Moreover, the nanoan-
tenna transforms a localized electromagnetic near-field
into propagating far-field with a desired radiation pat-
tern [1, 35, 46]. The directivity of a nanoantenna is de-
fined as [31, 35]:
D =
4pi
Prad
·Max[p(θ, ϕ)], (3)
where Max[p(θ, ϕ)] is the power flow density radiated
in the direction of maximal flux density. Unfortunately,
plasmonic nanoantennas usually possess strong dissipa-
tive losses resulting in low radiation efficiency (η) de-
scribed by Eq. (2) [47–49].
Recently, it was suggested that all-dielectric nanoan-
tennas can demonstrate much better performance in
nanophotonics devices [35, 50–52] by employing the mag-
netic Mie resonances of high-index dielectric nanoparti-
cles [53–56]. In particular, such all-dielectric nanoanten-
nas demonstrate enhanced radiation efficiency in contrast
to their plasmonic counterparts [35, 50–52]. Moreover,
all-dielectric nanoantennas may operate in the superdi-
rective regime when higher-order multipole modes are
excited, and the beam steering effect is observed [57].
In this paper, we study the emission extraction and
readout of single NV centers and propose an alterna-
tive way to facilitate efficient readout processes by the
simultaneous enhancement of the emission rate (via the
Purcell factor) and emission extraction efficiency at the
ZPL wavelength. We employ the concept of all-dielectric
optical nanoantennas as an effective tool for the NV cen-
ter excitation and readout, and analyze numerically both
emission rate and emission extraction efficiency of photo-
luminescence signal originating from a single NV center
in a diamond placed on a dielectric substrate close to the
nanoantenna. Our approach also facilitates initialization
of a single NV center in an assemble with subwavelength
separation among individual NV centers.
1. MODEL
The geometry under study is shown in Fig.1. As it was
mentioned above the NV center primarily radiates into
substrate (see Fig.1, left). This decreases the power col-
lected by confocal microscopy. A subwavelength spheri-
cal nanoparticle of radius R with a small notch is used
as the all-dielectric nanoantenna. We consider a silicon
(Si) as a material of nanoparticle taking into account
the real dissipative losses and frequency dispersion [58].
The notch is a result of cutting out of a sphere with
Figure 1. Schematic of an NV center emission without a
nanoantenna (left; light is emitted into the substrate) and
with a nanoantenna (right; light is directed by the antenna
away from the substrate). Inset shows the geometry of the
all-dielectric nanoantenna, a relative position of a diamond
nanoparticle with a single NV center and dimensions.
radius Rn from the Si nanoparticle. The nanodiamond
with NV center is located within the notch. The pa-
rameter d is a distance between the nanoparticle cen-
ter and the top edge of the notch. The nanoantenna
and nanodiamond are both placed on a dielectric sub-
strate with dielectric permittivity εs, as illustrated in
Fig.1, right. The similar all-dielectric nanoantenna ex-
ited by a point source located in the notch demonstrated
high radiation efficiency and ability of beam steering at
nanoscale, as reported in Ref. [57]. In this paper we
use NV center as a source, detail the parameters of all-
dielectric nanoantenna and use the superdirectivity and
beam steering effects for facilitating a far-field initializa-
tion and readout of single nitrogen-vacancy center. It is
important to mention, that proposed nanoantenna design
can be realized with available technologies. For example,
similarly shaped nanoparticles were experimentally fab-
ricated by controlled deformation of a spherical shell [59–
61]. Recent experimental progress in spherical nanopar-
ticles, nanoshells and semi-shells fabrication allows to ex-
pect realization of even more complex nanoantennas of
similar designs [62–68].
The shape and size of nanodiamond crystal as well as
its environment affect the optical properties of NV cen-
ter [69, 70]. It has been shown that nominally identi-
cal nanocrystals can have high variance of quantum ef-
ficiencies [71]. Moreover, it is widely known that a di-
rect nuclear neighborhood of NV center affects its prop-
erties [72]. As a result, in our work we neglect these
effects for simplicity and assume, that a nanodiamond
is preselected to contain single NV center with well de-
fined orientation [73–75]. An orientation of its dipole
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Figure 2. The directivity patterns of NV center radiation with
(red solid curve) and without (blue dashed curve) all-dielectric
nanoantenna at wavelength of 637 nm (ZPL). The patterns
are normalized to the maximum of NV center radiation with
nanoantenna. The NV center is placed on 10 nm above the
dielectric substrate. The permittivity of substrate is εs=1
(a), 1.5 (b), 2.25 glass (c), 5.7 diamond (d). (e) The power
flow through 800 nm x 800 nm rectangular plane placed at
distance 1000 nm above the substrate. This dependence is
normalized to the case of without nanoantenna.
moments [76] is assumed to be perpendicular to the axis
of the axial symmetry of the nanoantenna, as shown in
Fig.1 (see inset). We assume that a nanodiamond is small
enough to allow model the NV center as a point dipole
emitter.
2. ENHANCEMENT OF EMISSION
EXTRACTION
The proposed structure is quite complex for analyt-
ical study, especially taking into account the presence
of the dielectric substrate and permittivity dispersion.
Therefore we have performed the full-wave numerical cal-
culations using the CST Microwave Studio. First, we
have numerically optimized the nanoantenna geometry
ε
ε =1.5s ε = 5.7s
s
Figure 3. (a) The directivity of radiation to the straight up
direction (in the positive direction of the axis z) for the differ-
ent substrates. (b) The corresponding radiation efficiency for
the same. The insets depicts the electric field distributions at
637 nm with equal colorbar scale for different substrates.
to maximize the radiation to the superstrate at the fre-
quency of ZPL (λ = 637 nm). The found optimal pa-
rameters are equal to R = Rn = 190 nm and d = 130
nm. Then, we have analyzed the directivity (3), radia-
tion efficiency (2) and Purcell factor (1) of the optimized
nanoantenna for substrates with different εs. The di-
rectivity patterns are presented in Fig. 2(a-d) (red solid
curves). The scaled directivity patterns of NV center on
the substrate without nanoantenna are also presented in
Fig. 2(a-d) (blue dashed curves). As follows from these
results, the nanoantenna provides high radiation direc-
tivity to superstrate direction even for a high dielectric
permittivity (εs = 5.7) of the substrate. Radiation into
the substrate is significantly suppressed.
Further, we study the extraction efficiency, which we
define as the ratio of the power flow into the super-
strate with nanoantenna and without it. We calculate
the power flow through 800 nm x 800 nm rectangular
plate which is placed at the distance of 1000 nm over
the substrate in the case of nanoantenna presence and
normalized it to a case of without nanoantenna. The re-
sults are presented in Fig. 2(e). For the case of substrate
with εs = 1 (air) we observed the increase of power flow
in spectral region around the ZPL by two orders, versus
the case of nanoantenna absence. For the glass substrate
(εs = 2.25) the value of the extraction efficiency is about
50 and even for the diamond substrate we observed the
power flow increasing of 20 times.
The origin of emission extraction enhancement is due
to directivity and Purcell factor increasing, simultane-
ously. Lets first consider the directivity of radiation to
straight up direction and radiation efficiency for sub-
strates with different εs. The results are presented in the
Fig.3(a) and (b), respectively. The directivity of the all-
dielectric nanoantenna in straight up direction strongly
depends on εs. For the case of εs = 1 we obtain the
directivity up to 10 at the spectral range around ZPL
(see Fig.3(a)). For the glass (εs = 2.25) and diamond
(εs = 5.7) substrates we have obtained the straight up
directivity at the frequency of ZPL close to 7 and 5,
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Figure 4. (a) The Purcell factor for the NV center placed 10
nm above the glass substrate (εs=2.25) for symmetrical ar-
rangement of NV center within the notch (dashed line) and
for shifted by 40 nm positions (solid blue line). (b) The Pur-
cell factor map over plane parallel to the substrate at ZPL
wavelengths.
respectively. As it shown in the Fig.3(b) all-dielectric
nanoantenna has the very high efficiency (> 75%) for the
considered substrates in all spectral range. This is due
to the low dissipation losses of silicon at this frequencies.
The radiation efficiency increases with the increasing per-
mittivity εs due to the electric field localization in the
substrate (see insets on the Fig.3(b)).
The second mechanism which provides the high per-
formance of the nanoantenna is the Purcell effect. The
dependence of the Purcell factor (for the glass substrate,
εs = 2.25) for symmetrical arrangement of NV center
within the notch on the wavelength is shown in the
Fig. 4(a) by red dashed curve. This dependence has
the peak around the ZPL (wavelength is 637 nm). The
maximum of Purcell factor at the ZPL for the glass sub-
strate (εs = 2.25) and optimized geometrical parameters
is about 20. This value decreases with increasing the sub-
strate permittivity (not shown in the Fig. 4). In the cases
of the air (εs = 1) and diamond (εs = 5.7) substrates the
values of maximum of the Purcell factor are about 50
and 15, respectively. For non-symmetrical arrangement
of the NV center in the notch the additional peaks ap-
peared as shown in the Fig. 4(a) by blue solid curve.
These peaks correspond to the higher multipole modes
excitation, in full accordance to the results of Ref. [57].
The value of Purcell factor at the frequency of ZPL de-
creases with emitter shifting as shown in the Fig.4(b).
However, the enhancing effect through the Purcell factor
is present within the entire volume of the notch.
An important feature of the proposed all-dielectric
nanoantenna is the ability to tune the operating fre-
quency with respect to geometrical parameters. The
Fig. 5 shows that the peaks of directivity and Purcell
factor shift to the longer wavelengths with increasing the
nanoparticle size (R). The changing of the radius by
10 nm leads to a shift of operating wavelength by 25
nm. Thus the range of possible applications of this all-
dielectric nanoantenna is not limited to NV centers.
3. SELECTIVE READOUT OF SINGLE NV
CENTERS
A challenging problem in the quantum information
processing is selective excitation or readout in a system
of two or more single photon emitters, separated by a dis-
tance smaller than the diffraction limit [77, 78]. Here we
show that our approach can overcome this limitation and
provide the effective control over the several NV centers
in the notch. In Ref. [57] the effect of far field radia-
tion profile steering which is caused by the emitter offset
inside the notch was investigated. It is interesting to ob-
serve the opposite situation when the several NV centers
are irradiated by one external plane wave.
We consider the red resonance pulses (wavelength is
637 nm) which are usually used for NV center electron
spin state single shot readout [26]. We assume that two
nanodiamonds with single NV centers are placed on the
top of a silica substrate (εs = 2.25) inside the notch of
the all-dielectric nanoantenna. The distance between NV
centers is 80 nm. The dipole moments of NV centers
are oriented perpendicular to the separation direction.
The polarization of incident electric field is parallel to
the emitters dipole moments (along the axis y, see inset
in the Fig.6). The dependence of electric field intensity
(|Ey|
2) at NV center positions on the angle of incidence
is shown on the Fig. 6(a). The ratio of these intensi-
ties is presented in the Fig. 6(b). The maximum of ratio
is about 20 and is reached at the angles of incidence
≃ ±45◦. It is known that in the dipole approximation,
the probability of photon absorption by dipole emitter
is proportional to the intensity of local electric field [76].
Thus, we conclude that if the both NV centers polariz-
abilities are the same, the excitation probability of first
NV center may be 20 times greater than the excitation
probability of the second one. The same analysis can
be performed for 531 nm excitation wavelength. We be-
lieve that proposed design can be useful for systems with
several quantum emitters for selective spin state far-field
initialization and readout.
Directivity Purcell Factor
Figure 5. The directivity (a) and Purcell factor (b) depen-
dence on the radius of nanoparticle (R) with fixed notch ra-
dius. The results correspond to the case of substrate absence
(εs = 1).
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Figure 6. (a) Dependence of electric field intensity (|Ey |
2)
at NV center positions on the angle of wave incidence. The
distance between NV centers is 80 nm. The dipole moments
of the NV centers are oriented perpendicular to the separation
direction. The polarization of incident plane wave (λ = 637
nm) is parallel to the emitters dipole moments (along the axis
y). (b) The ratio of the electric field intensities at two NV
centers. The maximum values of ratio are reached at angle
≃ ±45 degrees of incidence.
CONCLUSIONS
We have demonstrated numerically that all-dielectric
optical nanoantenna can enhance significantly the inten-
sity of a photoluminescence signal coming from a single
NV center facilitating readout of its electron spin states.
Our design results in (i) redistribution of the emitted
radiation towards superstrate with high directivity and
(ii) emission rate enhancement due to a high value of the
Purcell factor. The spectral characteristic of the nanoan-
tenna can be adjusted in a wide range by an appropriate
choice of geometrical parameters. We have shown that
the proposed approach can be used to simplify an initial-
ization of a single NV center in an assemble with a sub-
wavelength separation among individual NV centers by
utilizing the efficient beam steering. We believe that the
proposed design can be useful for different systems with
several quantum emitters for selective spin-state far-field
initialization and readout.
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